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135662
F_AND APPARA FOR INTERF ETRICALLY
NSPECTIN RFACE QF AN
The present invention relates to a method of and apparatus
for interferometrically inspecting a surface of an object. It
relates more particularly to the submicron metrology of
semiconductor surfaces and devices which have multi-micron step
features. _
The size of the smallest structures in semiconductor
components 1is decreasing by about a factor of two every four
years. During the 1990's‘it is expected that in microelectronics

manufacturing the working limit will be well below one micron.

For example, in high density circuits such as 4Mb SRAMS and 16Mb

DRAMS, the design rules are already 0.5 wum. Means are being-

sought to make gate lengths of 0.1 um for silicon MOSFETs

(Metal-Oxide-Semiconductor Field Effect Transistors) to increase

the operating speed of the transistor. '
The ability to make measurements and alignments to some tens

- of nanometers 1is therefore becoming increasingly important.

Advanced metrology techniques are required capable -of measuring
near to the nanometer scale, not only for research in the
laboratory but also for routine analysis on the production line.
There is now a renewed interest in optical techniques for
carrying out submicron measurement because of their ease of use,
the very large capacity for handling data and the potential for
use on the product1on 1ine. Despite the reso1ution of optical
m1croscopes bexng 1imited to around 0.5 um in v1sible light, with
the addition of digital image processing and the clever use of
various additional techniques it is now possible to make
nanometer detection and measurement. For instance, incoherent
broadband illumination techniques combined™With image processing
to analyse the optical effects of 1ine structures are now capable
of giving line width measurement to an accuracy of 10 nm. «As an
example, Phase Shifting Microscopy (PSM) is’ a mature fichn1que
which 1is’ capable of yielding, in the wvertical direction,
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nanometer and even angstrom surface shape analysis, particularly
useful in roughness analysis and the contouring of optical
components with gentle surface slopes (see K. Creath. "Phase
measurement interferometry techniques", Progress 1in Optics, Ed.
E. Holf, Ch.V, 351-393, Elsevier Science Publishers, 1988).
However, 1t has been found that PSM has certain limitations in
semicbnductor work, wpere step heights are normally multi-micron,
far greater than the spacing of the 1{interference fringes.
Because of the periodicity of the fringes, determination of such
step heights introduces problems in phase unwrapping. A
convenient solution to these problems does not yet seem to have
been found. Further, when working with high numerical aperture
objectives and multi-micron step features, there is also the
problem of errors introduced by blurring, because the depth of
field is smaller than the object being measured. _

European patent Publication No. 0244781 (KLA, Davidson et al,
1987) describes a technique which 1is based on white 1light
interferometry. Tilt fringes are used to determine the maximum
of the fringe envelope with a standard deviation measurement of a
32 pixel long column "window": Sophisticated data processing is
required.

. The introduction of Coherent Probe Microscopy, or CPM,
(disclosed in European Patent Application No. EP-A-0244781) has
provided some particularly interesting solutions for submicron
profiling in semiconductors having multi-micron step heights.
CPM generates, using incoherent broadband illumination, for a
particular location on the surface of a sample object, an
interference fringe batfern by stepwise dispiacement of the
object as-a whole (and hence the particular location) along the
optical axis of an interferometer. At each stepwise
displacement, for each 1location, a val#é of the coherence
function is determined from the variance of the interference
fringes. The relative heights of several surface locafiqnﬁfaré

I

then determined from the relative displacements of tﬁ%f‘peak .
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values of coherence function for the respective locations. Thus
the peak coherence function value is used as a probe which is
swept over the object in order to reveal height contours. Use of
incoherent broadband illumination removes the problem of fringe
periodicity inherent in Phase Shifting Microscopy.

However, CPM suffers from several drawbacks. Firstly, it is
computationally time consuming, since a value of the coherence
function (which is a complicated function to evaluate) has to be
determined for each and every pixel, for each and every stepwise -
displacement of the object. For a 128 x 128 pixel area and 200
steps, this would require over 3 million calculations of
coherence function. For .each such calculation, nearly one
hundred computation steps are required with the method proposed.
Hence it is -not surprising that CPM is apparently limited by
practical considerations to generating two-dimensional (that fis,
cross-sectional) images, vrather than full three-dimensional

“images of an object, which would clearly be preferable.

Secondly, because coherence function varies only slowly with
displacement near its peak value, the resolution obtainable using
the basic CPM technique is relatively modest (in the region of
about 70nm).

Finally, CPM has a vast memory requirement. The technique
involves the storage of data, used in the determination of
coherence function, at each and every pixel and every stepwise
displacement of that pixel.

Japanese Patent Application Number 3238309 (SATOSHI, 1991)
describes a laser interferometer measurement system which is
apparently based on a parallel coherent 1laser illumination
technique which measures changes in the surface.

US Patent 4791584 (GREIVENKAMP, 1988) refers to an
improvement in the phase unwrapping akgorithm for a phase
shifting interferometery technique. This technique extends the
vertical range. It also includes a way of sampling a wavefront
using a sparse array detector. The method is based on jE pr1or1
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knowledge that the surface curvature is continuous, and that the
phase is therefore a function having continuous derivatives. The
2w discontinuities present in phase maps can be removed for
steeper slopes than was previously possible for certain types of
surfaces. It can not be used for high step profiles such as
those_ found in semiconductor components without a priori
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information instead concerning the approximate step height as

discussed by J.E. G?eivenkamp, K.G. Sullivan and R.J. Pallum,
“Resolving Interferometric Step-Height Measurement Ambiguities
Using A Priori Information", Optical  Engineering, Vol. 30, No.
11, pp 1821-1824 1991.

US Patent 4387994 (BALASUBRAMANIAN, 1983) describes a system
which uses a white light interferometer. The maximum value of a

. fringe envelope is determined with a centroid calculation. A

technique of handling the data is described, so that for a given
pixel, instead of having to store all the data points (for 500
steps for example), only 5 memories are used to make the
summation with mathematical control of each of these memories.
The main application is the measurement of aspheric surfaces.
The instrument has a vertical range of 100mm and a resolution of
0.025mm.

The paper published in SPIE proceedings Vol. 1775, 1992 by
ITOH, TIAN, YATAGIA describes a "White light interferometer for
shape measurement with maximum of fringe envelope determined by
polynomial fit of fringe peaks". The system and some early
results are briefly described in the paper. The instrument
described is intended to measure the depth of defects in
semiconductor materials. >

None of the aforementioned documents disclose the arrangement
and invention as described below.

The present invention is based on the-fféak intensity of the
zero-order fringe, the processing_involved is much simpler than
all the other white 1ight interferometer technlques .ﬂh1ch
determine the fringe envelope. Mathematical calculat1on§is kept

il
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to a minimum since the peak is determined by a logic comparison
of intensities. The other techniques involve calculation of the
centroid calculation, measurement of standard deviation and
polynomial curve fitting. No a priori knowledge of surface shape
is required when using the present invention.

In addition a large depth of focus is obtained. Because the
sample fis stépped through the "in-focus" plane, all detalls are
sharp for surface relief that is deeper than the depth of focus
of the objective, (0.3um for a x100 objective, for example).

A smaller amount of data storage 1is required. Data
processing requirements, when using the present invention, are
greatly reduced; requiring only three frame memories and
controlled data exchange between memories to build up the image.

The present invention seeks to overcome the aforementioned
problems.

According to ‘the present 1nvention there is provided a
method of interferometrically inspecting a surface of an object,
comprising generating, for a particular location on the surface,
an interference fringe pattern in which the fringe intensity is a
function of displacement of the location, and determining from
the fringe pattern the. displacement of the particular location
which corresponds to a selected fringe.

According to another aspect of the present finvention, there
is provided apparatus for intefferometrically inspecting a
surface of an object, comprising means for generating, for a
particular ‘location on the surface, an interference fringe
pattern " in which the fringe intensity is a function of
displacement of the location, and means for determining, from the
fringe pattern, the displacement of the particular lecation which
corresponds to a selected fringe.

The present invention thus uses a =%$elected interference
fringe, rather than the peak value of coherence function, as the
"probe" to sweep over the object. This can afford several
advantages. Firstly, an interference fringe is congﬁé@rably
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narrower than the peak of the coherence function, so that the
present invention can attain greater resolution (say, 10nm) than
can be obtained using CPM <(say, 70nm). Secondly, since the
position of a fringe is trivial to evaluate by comparison with
the peak value of coherence function, the present invention can
require considerably less processing time than is required by
CPM. For instance, the present invention may possibly require
only one computation s:tep for every hundred required by CPM.

The present invention can also afford other advantages over
conventional inspection methods. For example, it - is believed
that the horizontal resolution which can be achieved by the
present invention could be somewhat better than that achievable
with ordinary reflection imaging. As another example, an image
produced by the present invention can always be maintained in
focus, regardless of the total depth of the surface features
(e.g. 0 to 15 um) and even when using high magnification
objectives which may have a very small depth of focus (e.g. 0.3
pm for x100). This is because the object can be successively
stepped through the selected fringe, which can be made always to
coincide with the depth of focus.

Preferably, an extreme intensity (maximum or minimum) of the
selected fringe -is utilised as the probe, since this is a
particularly simple position on the fringe pattern to determine.

Preferably, the selected fringe 1is a fringe of peak
contrast. The fringe of peak contrast can provide a unique or
nearly unique probe to sweep over the object. This fringe is
also easily identifiable. Furthermore, use of this fringe can
afford savings in computer storage requirements,as is explained
later.

It will be appreciated that the fringe of peak contrast
consists of both a light and a dark portior®® Any part of either
of these portions may be used as the probe, although it is
preferable for simplicity to use a point of extreme 1ntens1ty
It may be preferable to select in advance whether the maxﬂtﬁum of
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the light portion or the minimum of the dark portion is to be
used as the probe, in order to avoid confusion between these
portions.

It will also be appreciated that greater accuracy and
signal/noise ratio could be achieved by selecting a plurality of
the fringes as probes. The fact that the fringes are separated
by a fixed known amount (dependent for example on the spectrum of
the source used in the interferometer) can yield yet more
displacement information.

According to a closely related aspect of the present
invention, there 1is provided a method of interferometrically
inspecting a surface of an object, comprising generating, for a
particular location on the surface, an interference pattern in
which fringe intensity is a function of displacement of the
location, and repetitively -determining the value-of a property
characteristic of the fringe pattern at different positions on
the fringe pattern, corresponding to different values of the
displacement, and storing the current extreme value (maximum or
minimum) of the property together with. the corresponding
displacement value, whereby at the end of the determining step’
the displacement value corresponding to the extreme value of the
property is stored..

According to a further closely related aspect of the present
invention, there -is provided apparatus for interferometrically
inspecting a surface of an object, comprising means for
generating, for a particular location on the surface, an
interference pattern in which fringe intensity is a function of
displacement of the location, and means <for repetitively
determining the value of a property characteristic of the fringe
pattern at different positions on the fringe pattern,
corresponding to different values of the displacement; and means
for storing the current extreme value (maximum or minimum) of the
property, together with the corresponding displaceméht gg'lue,
whereby at the end of the determining step the displacemgﬁ%‘g'value
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correspbnding to the extreme value of the property is stored.

By storing the current extreme value (conveniently only the
current extreme value) of the property together with the
corresponding displacement value, rather than storing values of
the property at all the different positions on the fringe pattern
corresponding to the different values of displacement (as is the
case with CPM), memory requirements for the present invention can
be very significént]y reduced, to the point  where
three-dimensional imaging becomes practicable.

If, as 1is preferred, it 1is desired to evaluate the
displacement corresponding to the fringe of peak contrast, the

-relevant property will be one which is dependent on the 1local

intensity of the fringe pattern.

Preferably, respective interference patterns are generated:
for a  plurality of locations distributed over a region of the
surface, and the displacements of the respective locations are
determined. That 1is, the method preferably derives full
three-dimensional information about the object, although it could
of course be used to derive just- two-dimensional (for example,
“cross-sectional") information. This can take advantage of the
increased speed and reduced memory capacity possible with one or
both aspects of the present invention. )

Preferably, the interference fringe pattern is generated
using a broadband incoherent source. This can afford several
advantages. Firstly, accuracy can be improved since the fringe
of peak contrast is more easily distinguishable from the other
fringes if a broadband source is employed. HWith a broadband
source, the other fringes are higher order fringes which are of
lower contrast. .

Secondly, because an incoherent source is used, the problems
associated with speckle noise and spuriouszfringes are reduced
compared with those arising from the use of a coherent source,
for example when inspecting transparent films (such as SI}icon
oxide or resin films commonly present on semi-conductor sug?aces)

il
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Thirdly, image sharpness can be improved by using a broadband
incoherent source, because of the corresponding reduction in the
effects of diffraction at surface edges.

The incoherent source may suitably be a white .1ight source.
However, an improvement in horizontal resolution should be
obtainable if a light source nearer the ultra-violet end of the
spectrum were used, together with a camera sensitive to these
wavelengths. It is to be noted that an improvement in horizontal
resolution could also be obtained by using a higher numerical
aperture objective in the interferometer.

The invention also provides apparatus for inspecting
interferometrically the surface of an object analogous -to the
preferred features of the method described above. _

In another closely related aspect, the invention provides a
method of and apparatus for interferometrically identifying a
specific material, wherein the 1identity of the material is
determined from at 1least one characteristic of the fringe

‘pattern. This arises from a discovery pursuant to the present

invention, and described in more detail later, that various
characteristics of the fringe pattern can be used to identify or
“fingerprint" specific materials.

A method. of identifying a material comprising the steps of
establishing an interference pattern using a first and a second
beam of 1light, by reflecting the first beam of light off a
surface of the material; observing at least one characteristic of
the interfereﬁce pattern; and comparing information derived from
the observed characteristic with stored information on the same
characteristic of known materials, such that the material may be
identified by matching the observed characteristic with the
stored characteristic.

Preferably the method involves observipg a variation in the
spectrum of the reflected beam.

Alternatively the characteristic is a phase shift in, the
reflected beam. | géf

laced
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A Fourier Transform may be performed on an interference
fringe pattern and information concerning the Fourier Transform
is used to identify the material.

It will be appreciated that apparatus corresponding to the
aforementioned method is also provided within the scope of this
aspect of the invention.

This aspect of the invention may be incorporated with the
other aspects to provide a measuring apparatus which fis
simultaneously able to determine what the material is which is

being measured.
Preferred features of the invention will now be described by

way of example with reference to the accompanying drawings, in
which:
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Figure 1 is a block diagram of inspection apparatus
according to the present invention;

Figure 2 is a schematic representation of an
interference microscope employed in the inspection apparatus;

Figure 3 {is a plot of fringe intensity against
displacement, demonstrating the principle of operation of the
invention;

Figures 4, 4a and 5 are sketches demonstrating the
principle of operation of the invention;

Figure 6 is a flow diagram of the ‘image processing
performed by the present invention;

Figure 7 is a sketch demonstrating the operation of the
image processing;

Figures 8a to 8e show results obtained using the present
invention to image a groove; >

Figures 9a tp 9d show results obtained using.the present
invention to image a MESFET device; and

Figures 10a and 10b show more dekailed images of the
MESFET device.
Referring to Figure 1, apparatus for inspecting a’ surface of

an object 100 comprises in general terms a two-beam lnteqference
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microscope 102, a piezo controlled sample table 104 for
displacing the object relative to the microscope, a buffer
amplifier 106 for controlling the displacement of the sample
table in response to commands ‘from a PC 386 personal computer
108, a Charge Coupled Device (CCD) video camera 110 for receiving
images from the microscope 102, a frame grabber 112 controlled by
the compufer 108; a first video monitor 114 for viewing the
output of the camera, a second video monitor 116 for viewing the
processed images, and a video printer 118 for making a hard copy
of the pfocessed images.

In more detail, referring to Figure 2, the two-beam
interference microscope 102 is of the reflection type. A halogen
bulb 200 - is coupled to transmit white light via a condenser 202
and an optical fibre bundle 204 to an interference objective
206. The interference objective 206 comprises a 50/50 .beam
splitting cube 208 for splitting the light. into two. equal
waveforms, illuminating a reference mirror 210 and the surface of .
the object 100. The interference objective is thus configured as
a Michelson interferometer. Objective 212 forms an image of the
mirror 210 and the object 100 on the target of the camera 110.
The path length of the Tight from the splitting cube.208 to a
particular location on the surface of the object 100 is defined
as d1, whilst the path length of the light from the cube to the
mirror 210 is defined as d2. The sample table 104 displaces the
object in steps of height along the optical axis 214 of the
interferometer.

It will be appreciated that in using this type of
interference microscope there is a need to ensyre environmental
stability. Thus  temperature effects, air currents, ‘and
mechanical vibration all need to be carefully controlied.

Instead of the Michelson interferometergzMirau or Linnik type
interferometers could a]fernatively be employed, or indeed any
two-beam interferometer which generates an interference fringe
pattern re[§ted to the displacement of the objecféfgbeing
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inspected. For instance, a common-path interferometer would
obviate any problems encountered with vibration of the object.

In this particular embodiment of the invention, the sample
table 104 can be stepped in displacement <(height) under the
precise control of a piezo-crystal driver, with a resolution of

* 3.66nm and a range of 4 096 steps (total 15um). The displacement

is controlled by the computer 108 via the buffer amplifier 106.
The piezo-crystal has‘a strain-gauge detector feedback system to
reduce the effect of hysteresis and creep. Since the accuracy of
the 1inspection results depends on the accuracy of the
displacement of the table, it may be advantageous to calibrate
the displacement of .the table using, for example, a method based
on fringe counting of He Ne laser.fringes.

The frame -grabber 112 digitizes the video signal representing
an image of the object surface received via the video camera 110
and stores. it in one of the four video frames of the frame
grabber, each frame consisting -of 512 x 512 pixels by 256 grey
levels. The frame .grabber is controlled by the computer 108
operating at a clockspeed of 33 MHz and running image processing
software, as will be described later.

The principle of operation of the invention will now be
described with reference to Figures 3 to 5. The interference
microscope 102 uses broadband illumination, so that interference
takes place when the two path lengths d1 and d2 are equal to
within the coherence length of the halogen bulb 1ight source.
Coherence length is proportional to the reciprocal of the
bandwidth of the light, and is approximately 1um for the halogen
bulb. Thus, as is demonstrated in the plot showa in Figure 3 of
fringe ‘intensity versus displacemenf of a particular-location on

the object surface, for that particular location the results of

the interference of the light can be observed in the image plane
as a high contrast zero-order fringe 300 corresponding to zero
path length difference (dl = d2), with coloured maximums and
minimum higher order fringes 302 and 304 where the diﬁ?g}ence

I
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between dl and d2 is non-zero but less than the co'herence
length. The zero-order fringe, whether the light or (as in the
case shown in Figure 3) the dark portion of the fringe is
considered, will be the fringe of peak contrast, and uniquely
identifies or labels a particular displacement (the zero path
length difference) of the location on the object surface. The
number and visibility of the fringes, as well as being dependent
on the bandwidth of 3the halogen bulb 200, also depends on the
spectral response of the camera 110 (typically O0.4um to 1.lpum,
peaking at about 0.7um for a silicon target), the spectral
reflectivity of the object under inspection, and the properties
of the optical elements.

It will be understood that the various points forming the
intensity plot of Figure 3 are generated by displacing the object
100 as a whole (and hence the particular location on the object
surface) heightwise along the optical axis 214 by stepping the
sample table 104, one particular value of displacement of the
particular location corresponding to the maximum intensity value
of the fringe of peak contrast (the zero-order fringe 300).
However, the same interference pattern, giving intensity as a
function of displacement of the particular location, could also
be obtained by stepping the reference: mirror 210, or even by
stepping the 1interference microscope 102 whilst 'keep'ing the
object 100 stationary.

In providing an image of the object, the present invention
isolates the peak of the zero-order fringe in order to use it as
an indentifier or probe. This is illustrated in Figure 4. The
object 100 is shown as having the shape of a hillock 400. The
z-axis i'_s aligned with  the optical -axis (and 1is thus the
direction in which the object is displaced by the sample table
104), whilst the x- and y-axes are mutually=orthogonal axes. At
a probe plane 402 corresponding to the zero-order fringe, a
single contour of equal height would be viewed on the first video
monitor 114. Imaging proceeds by stepping the object'_r’-;:i}'ff the

I Il
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sample table 104 through the fringe of peak contrast to build up

a number of contours and hence form a complete image of the
surface of the hillock 400. This is illustrated schematically in
Figure 5, in which the second video monitor 116 notionally shows
a complete image formed from a number of contours notionally
viewed on the first video monitor 114. .

The manner in which a three-dimensional image of the object
100 is formed is now éescribed in more detail. The object 100 is
positioned on the sample table 104 and displaced until Just
before the fringe of peak contrast. The object is then stepped
successively through the peak fringe typically for up to 255
steps of 5nm “to 50nm displacement. At each step an image fis
taken by the video camera 110. Intensity values at each of,
typically, 128 x 128 pixels are determined digitally by the frame
grabber 112 and related to the corresponding displacement of the
sample table 104. For each pixel the displacement corresponding
to the maximum or minimum intensity (peak fringe) is read and
stored. In this way, the whole of the depth of the surface
déta11 is sampled to form a complete three-dimensional image.
With the apparatus described, measurement over a 256 x 256 pixel
area for .100 displacement steps takes just under three minutes.

It has been found that in practice there may be an error in
the height (displacement) measurement when measuring differences
in height between different materials or different slopes on the

‘same material. This error is thought to be due to differences in

reflectivity or other optical properties of the surface or
surfaces in question which can alter the positibn of the fringe
of peak contrast. To compensate for this erros, the apparatus
could be calibrated for different materials and slopes by a
calibration factor applied to the peak fringe position.

Further, the optical differences betweeH materials could'be
used to identify or "fingerprint" specffic materials and/or

defects (such as foreign matter). It has been found :that

a4
materials may possess fringe patterns which could be <@sed as

"
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unique identifiers of those materials. Important characteristics
of the fringe patterns have been found to be the spacings of the
various fringes and the relative amplitudes of the various
fringes.

The manner in which image processing is performed by the
present invention is now described with reference to the flow
diagram shown in Figure 6. In Figure 6, the symbols have the
following meanings:-‘

dH = displacement of individual step <(e.g. minimum
3.66nm, maximum 50nm)
= total number of steps
displacement of sample table 104
= step number
= height of surface of object 100
11 = new image from camera 110
12 = memory of highest pixel intensities
I3 = memory of height values Z(x,y? .
X,y = horizontal and vertical (row and column)
coordinates of pixels in the digitized image.

The image processing is relatively simplé, being based on a
method of comparison rather than involved - mathematical
calculation or interpolation. This is rendered possible by the
fact that the fringe of peak contrast is relatively narrow, so
that high resolution can be achieved without such calculation or
interpolation (although of course it will be appreciated that
better resolution could be achieved by appropriate noise
reduction or fringe interpolation techniques). 1In general terms,
the aim of the image processing is to determime at what height
Z(x,y) each pixel passes through the fringe of peak contrast.
This is achieved by storing the maximum or minimum intensity
values and assigning a -corresponding imagé” with the appropriate
height values determined from H (the displacement of the sample
table 104). The maximum or minimum intensity va]ue fors " each
pixel is determined by keeping a store only of success1ve;%ax1mum

N O3 ;&= =
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or minimum values of intensity, together with the corresponding
height values, as the object is stepped. At the termination of -
the stepping procedure the store will thus contain a value of
height, for each pixel, corresponding to the extreme of the light
or dark portion of the fringe of peak contrast.

Reference 1is now made to Figure 7 to demonstrate the
operation of the image processing technique. For simplicity, the
imaging of a single line of pixels is considered, the line being
shaped 'as the dashed line 404 of Figure 4 (that is, a simple
slope). The technique is described by following the successive
images in the three image planes I1, I2 and I3. .

Step 1: The live image in I1 is copied into I2 to initiate
the memory of peak .intensity values. It s important that the
fringe of peak contrast is.not visible in this first image.

Step 2: The displacement is incremented and the zero-order
fringe begins to appear on the object as seen in Il. IT1 fis
compared with I2 (that is, the intensities of pixels with

-equivalent (x,y)- coordinates are compared) and, whenever the
“intensity in I1 is greater than.that in I2, (a) the new higher

intensity is stored in 12, and <(b) the height Zn is stored in I3.

Step 3: The displacement is further incremented and the
process repeated N times, I1 each time being compared with I2 of
the previous step. In the first few images, the lower intensity
side fringes will still be more intense than the average object
intensity, causing erroneous height values to be stored in I3.
But when the zero-order fringe arrives during the following
repetitions, the correct height value will eventually be stored.
This will then remain unaltered, as no other fringes will have a
higher intensity. Little by little the correct height values are
stored, until eventually the complete profile is stored.

Once the basic image data has beensobtained, it can be
processed further in various ways. For example, the data can be
presented in the form of a grey scale image, where he1ght is
represented as intensity. Also, the data can be presenggé’as a
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pseudo three-dimensional wirenet image, or a line profile, or can
be investigated using a single pixel pointer. Filtering, zooming
and other image processing functions can be provided.

It may be advantageous to use parallel processing techniques
to increase the speed of the image processing, although, as has
already been mentioned, the image processing is in any case
relatively rapid. The speed of the processing is probably
limited by the speed at which the object can be mechanically
displaced, and the speed of communication between the computer
108 and the frame grabber 112. The latter I1imitation can be
partly obviated by storing image information in the memory of the
computer.

Results which have been obtained using the present invention
will now be described with reference to Figures 8 to 10.
Referring first to Figures 8, a laser/detector groove etched in
InP was profiled utilising the aforementioned techniques, using
200 x 15nm steps. A x10 objective 212 on the microscope 102 was
used with a x2 converter. The. intensity profiles of the fringes’
as a function of Z (displacement).are shown in Figures 8(a) and
(b) for the top and bottom of the groove respectively.- In this
particular case the central dark fringe portion of the peak
fringe was utilised. The relative separation of the peaks of the
dark fringe portions gives the depth of the groove. A greyscale
image, and two- and three-dimensional profiles of a section of
the groove are given in Figures 8(c) and (d) respectively.

The results of profiling the features of a MESFET device on
GaAs are shown in Figures 9. The greyscale image in Figure 9(a),
obtained using the present invention, shows =,(us.ing the x10
objective) a general view of a number of transistors, with
drains, gates and sources. The speckled line at the bottom of
the picture is a wire which has not been profiled because it is
outside the 15 um range of the system. A more detailed view of
the gate/fecess region utilising the present invention (with a
x20 objective) is shown in Figures 9(b) as a greyscale ig§é§ and
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in Figure 9(d) as a three-dimensional image. For comparison, a
photo of the same region from an electron microscope is shown in
Figure 9(c). Although the images shown in Figure 9¢(b) (utilising
the present invention) exhibit lower horizontal resolution, they
do give dimensional details for the vertical scale, which is an
important advantage compared with the SEM image.

Figures 10 show a comparison between on the one hand an
ordinary reflection "image (Figure 10(a)) of the gate/recess
region shown in Figures 9(b) and 9(c) and on the other hand an
image of a similar region obtained using the present invention
(Figure 10(b)). The offset level of the ordinary image in Figure
10¢a) has been increased to match that of the image -in Figure
10¢{b). There is no contrast enhancement using image processing
for either image. The image obtained using the present invention
is much sharper than the ordinary reflection image, with the
advantage that all the features are in focus. This advantage
could be exploited in optical inspection (e.g. of defects).

Some potential areas of particular usefulness of the present
invention are now discussed. The most obvious uses of the
invention are in producing two- -or three-dimensional images of
objects such as semiconductor devices having multi-micron surface
features, and in the metrology of such objects. For instance,
the invention could be successfully used to yield high resolution
height- and . 1inewidth measurements (possibly employing suitable
edge locating algorithms). The invention could also be combined
with ‘the Phase Shift Microscopy technique in the same basic
apparatus. Such a combination would only require some broadening
of the fringe envelope (using a spectral filter, for example) to
give a vertical resolution as good as 1nm on shatlow samples.

Another use for the present invention could be the
measurement of key points 1in an inteldtgent system. Since
semiconductor components often consist of a set of planes, it is
not always necessary to measure all the points ih"an _;mage.
Instead, significant points or points of interestjé&% the
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component could be chosen and measured. With prior knowledge of
the approximate heights of these planes on a component, height
measurement could be effected with variable resolution at
different heights (dependent on the step density). 1In this
manner, processing time could be saved. Another application of
the invention is in the measurement of the thickness of thin
films. ' '

PFSM s inherently quicker to perform than the techniques
using the coherence function because detection of the peak only

“involves a comparison of intensities. Determination of the

coherence function involves a much longer mathematical
calculation. PFSM therefore lends itself to "pseudo-real time"
operation. For example a sample may be scanned through the
fringes, and video frame scanning could be used to sample the
sections. This requires data processing at frame rate (for
example) 25 frames per second) which could be carried out with an
imaging board having a DSP (digital signal processor). For 100
sections a 100 x 100 pixel image may take only 4 seconds. Faster
frame rates would lead to faster sectioning.

It is known from previous work that when measuring step
heights between different materials, an error correction factor
needs to be added to compensate for wavelength dependant optical
effects which change. Such a technique could be used to identify
a material and information derived by this technique could be
incorporated into an apparatus for simultaneous measurement and
identification of a specimen. This is explained below.

White light fringes have a well defined form, consisting of a
central black and white zero order fringe, and a,series of higher

.order coloured fringes either side. The coloured fringes appear

with different intensities in a monochrome image. The overall
symmetry and pattern depend principally’ on the spectral
characteristics of the light source. It also depends on the type
of material under study. For example, dlfferences« in
reflectivity between materials will alter the gp%ctral
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characteristics of one of the interfering beams, altering the
form of the fringe pattern. Differences in the material (metal,
semiconductor or dielectric) will also introduce wavelength
dependant phase errors, again altering the form of the patternf

Therefore by characterising the fringe pattern from an area
on a given material, and calibrating the form of the pattern from
different materials it is possible to identify the material.
Thus spectroscopy of the surface under -investigation can be
carried out. One way of quantifying the form of the fringe
pattern might be to perform a Fourier transform of the measured
function. Using a library of typical transforms characterising
different materials, comparing the transform from an unknown
surface, the optical characteristics could be determined and the
material identified.

Two problems encountered in PFSM measurement are:

Firstly it is difficult to calibrate the piezo stepper and
secondly height errors may be induced by external vibrations.
" An elegant solution to both these problems is to use a
secondary optical measurement system with a higher sampling speed
than that of the video system. The important factor is to know
the exact distance between the interferometer head and the
surface of the sample. For example, a two beam 1laser
interferometer measuring at a point using some form of heterodyne
technique to give absolufe measurement of distance could be used.
This would give a precise measurement of each section taken in
the PFSM stepping procedure and eliminate the need for an
expensive calibrated piezo stepper (for example using a
capacitive sensor). MWith a high enough sampling rate, feedback
control to the piezo could be used to eliminate external
vibrations (which can vary from a few nanometers to a micron in
amplitude). This would considerably improveszthe ease of use, for
example when aligning the fringes and when working with high
power objectives. : s 3

Such a solution to the problems of calibration and v;ﬁfﬁtlon
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would introduce significant advantages to such a microscope. The
confidence in measurement precision would be increased and the
microscope could be built more cheaply and used in a wider
variety of situations, for example on a desk top instead of a
vibration isolated table. '

It will be understood that the invention has been described
above purely by way of example, and modifications of detail can
be made within the scépe of the invention.
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CLAIMS

1. A method of interferometrically inspecting a surface of an
object, comprising generating, for a particular location on the
surface, an interference fringe pattern in which fringe intensity
is a function of displacement of the location, and determining
from the fringe pattern the displacement of the particular
location which corresponds to a selected fringe.

2. A method according to Claim 1 wherein the selected fringe is
a fringe of peak contrast.

3. A method according to Claim 2 wherein the value of a property
dependent on the fringe intensity is repetitively determined at
different positions on the fringe pattern, corresponding to
different values of the displacement, and the current extreme
value of the property, together with the corresponding
displacement value, 1is stored, whereby at the. end of -the
repetitive determination the displacement value corresponding to

~a fringe of peak contrast is stored.

4. A method of interferometrically inspecting a surface of an
object, comprising generating, for a particular location on the

- surface, an interference pattern in which fringe intensity is a
function of displacement of the 1location, and repetitively -

determining the value of a property characteristic of the fringe
pattern at different positions on the fringe pattern,
corresponding to different values of the displacement, and
storing the current extreme value of the property together with
the corresponding displacement value, whereby at the end of the
determining step the displacement value corresponding to the
extreme value of the property is stored. 2

5. A method according to any of the preceding claims wherein

respective interference patterns are generated for a plurality of
locations distributed over a region of fhe surface, and the
displacements of the respective locations are determined.

6. A method according to any of the preceding claims whereln the
interference fringe pattern is generated using an lnﬁpﬁérent
source.
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7. A method, preferably according to any of the preceding
claims, for interferometrically identifying a specific material,
wherein the identity of the material is determined from at least
one characteristic of the fringe pattern.

8. Apparatus for interferometrically inspecting a surface of an
object, comprising means for generating, for a particular
location on the surface, an interference fringe pattern in which
fringe intensity is a function of displacement of the location,
and means for determining from the fringe pattern the
displacement of the particular location which corresponds to a
selected fringe. '

9. Apparatus according to Claim 8 wherein the selected fringe is
a fringe'of peak contrast.

10. Appdratds according to Claim 9 wherein the determining means
is arranged to repetitively determine the value of a property
dependent on the fringe intensity at different positions on the
fringe pattern, correéponding to different values of the
displacement, and to store the current extreme value of the
property, together with the corresponding displacement value,
whereby at the end of the repetitive determination the
displacement value corresponding to a fringe of peak contrast is
stored. ' _

11. Apparatus for interferometrically inspecting a surface of an
object, comprising means for generating, for a particular
location on the surface, an interference pattern in which fringe
intensity is a function of displacement of the location, and
means for repetitively determining the value of a property
characteristic of the fringe pattern at different positions on
the fringe pattern, corresponding to different .values of the
displacement, and storing the current extreme value of the
property together with the corresponding, displacement value,
whereby at the end of the determining step the displacement value
corresponding to the extreme value of the property is stored

,g;
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12. Apparatus according to any of Claims 8 to 11 wherein the
generating means is arranged to generate respective interference
patterns for a plurality of locations distributed over a region
of the surface, and the determining means {is arranged to
determine the displacements of the respective locations.

13. Apparatus according to any of Claims 8 to 12 wherein the
generating means is arranged to generate the interference fringe
pattérn using an incolierent source:

14. Apparatus, preferably according to any of the preceding
claims, for intefferometrica]ly identifying a specific material,
wherein the identity of the material is determined from at least
one characteristic of the fringe pattern.

15. A method of identifying a material comprising the steps of
establishing an interference pattern using a first and a second
beam of 1light, by reflecting the first beam of light off a
surface of the material; observing at least one characteristic of
the interference pattern; and comparing information derived from
the observed characteristic with stored information on the same
characteristic of known materials, such that the material may be
identified by matching the observed characteristic with the
stored characteristic.

16. A method according to claim 15 wherein the characteristic
observed is a spectral variation in the reflected beam.

17. A method according to claim 15 wherein the character1st1c is
a phase shift in the reflected beam.

18. A method according to any of claims 15 to 17 wherein a
Fourier Transform is performed on an interference fringe pattern
and information concerning the Fourier Transform is used to
identify the material.

19. Apparatus for identifying a material comprising means for
establishing an interference pattern using.a  first and a second
beam of 1light, by reflecting the first beam of light off a
surface of the material; means for observing at 1east y'one
characteristic of the diffraction pattern; and meaay for
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comparing information derived from the observed characteristic
with stored information on the same characteristic of known
materials, such that the material may be identified by matching
the observed characteristic with the stored characteristic.

20. Apparatus according to claim 19 wherein the characteristic
observed is a spectral variation in the reflected beam.

21 Apparatus according to claim 19 wherein the characteristic is
a phase shift in the reflected beam.

22. Apparatus according to any of claims 19 to 21 wherein means
is provided to perform a Fourier Transform on an interference
fringe pattern and information concerning the Fourier Transform
is used to identify the material.
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